Metamaterials are the materials consisting of artificially designed elements which are spaced in sub-wavelength distance. 1, 2 The elements interact with incident wave depending on the element shapes and arrangements. Different element shapes like the split ring resonator (SRR) 3 are designed to realize different optical properties and applications. In recent years, switchable metamaterials are proposed to further improve the metamaterial functions. 4, 5 For instance, the permittivity and permeability of switchable metamaterials can be changed by exciting the nonlinear material embedded metamaterial [6] [7] [8] [9] [10] using external stimulus such as temperature increase, 11, 12 electric voltage bias, 13, 14 or magnetic field excitation. 15 Switchable metamaterials are also demonstrated by changing the relative positions between metamaterial elements, [16] [17] [18] [19] [20] which tunes the element couplings. Recently, micromachined reconfigurable metamaterials offered a more straightforward approach for the switching function. This method reconfigures individual metamaterial elements and changes the response of each element to the incident wave. 21, 22 In this paper, an element reconfigurable metamaterial is reported to realize a dual mode resonance switching in THz region. The dual resonance is induced in a rational designed metamaterial element, which can be reshaped through an electrostatic force controlled micromachined actuator. Promising applications can be realized through the switchable metamaterial such as THz sensors, optical switches, and tunable filters.
The element of the dual mode metamaterial consists of a SRR and two free-hanging slabs as shown in Fig. 1(a) . An electromagnetic (EM) wave is obliquely incident on the metamaterial surface at an incident angle h with the z-axis and U with the y-axis. The SRR is fixed on the dielectric substrate while the free-hanging slabs are moveable in the y-direction by the micromachined actuator driving ( Fig. 1(b) ). This results in a displacement of free-hanging slabs to the SRR up to 30 lm, which is half of the lattice constant of 60 lm.
The SRR becomes "closed" when the free-hanging slabs are located beside the two face-to-face SRR halves as shown in Fig. 1(c) . The metamaterial with "closed" SRR is defined as in the CLOSE-state of the switchable metamaterial. The SRR becomes "opened" when the free-hanging slabs move to the sidewalls of the two back-to-back SRR halves as shown in Fig. 1(d) . This state is defined as the OPEN-state of the switchable metamaterial. Therefore, the shape of the metamaterial element can be switched between the CLOSEstate and the OPEN-state. The optical incidence in TM and TE polarizations is shown in Figs. 1(e) and 1(f), respectively. In TM polarization, the H-field of the incident wave parallels (2012) with the metamaterial surface, while in TE polarization the E-field parallels with the surface.
The EM response of the metamaterial is numerically analyzed by using microwave studio of computer simulation technology (CST) under the periodic boundary condition. Figure 2 shows the reflection spectra of the metamaterial in THz regime under TE polarized incidence. The incident angle U is 0 in Fig. 2 (a) and 90 in Fig. 2 (b) with same h of 45
. The reflection spectra in the CLOSE-state and the OPEN-state are illustrated by the solid line and the dashed line, respectively. Periodic envelops are observed in the spectra with a period of approximately 0.38 THz, which is mainly due to the Fabry-P erot (FP) effect between the metal layer and the bottom surface of the silicon substrate. The free spectra range (FSR) of the Si substrate is calculated as 0.43 THz by using the equation FSR ¼ c/2nL, where c is the EM wave velocity in free space (3 Â 10 8 m/s), n is the silicon's refractive index (3.45), and L is the Si thickness (100 lm). The FSR is larger than that of the metamaterial because the metal layer also contributes to the metamaterial's FP effect.
As shown in Fig. 2(a) , two resonances are observed in the CLOSE-state metamaterial at 0.74 THz and 1.16 THz when U is 0 and h is 45 (solid line). The two resonances vanish when the metamaterial is switched to the OPEN-state (dashed line). The resonance switching can be analyzed by investigating the difference between the reflections of the two states relative to their average intensity, which is defined as reflection relative ratio and calculated as
where R CLOSE and R OPEN are the reflections of the metamaterial in the CLOSE-state and OPEN-state, respectively. The ratio DR r has a significant positive value at 0.74 THz and 1.16 THz as shown in the dotted line in Fig. 2(a) , which indicates a dual resonance switching of the metamaterial. It is worth noting that the positive DR r at 1.07 THz is due to the slight shifting of the spectrum instead of the resonance switching. The resonance at 0.74 THz is also observed in the CLOSE-state when U changes to 90 with h fixed at 45 and vanishes when the metamaterial is switched to the OPENstate (Fig. 2(b) ).
To understand the resonance switching, the current flows on the metamaterial element are investigated in Fig.  3 , where the arrows indicate an instantaneous current direction. The current flow at 0.74 THz in the CLOSE-state is shown in Fig. 3(a) when U is 0 and (b) when U is 90 . The two current flows rotate in the loop formed by the SRR and free-hanging slabs in the CLOSE-state. Due to the time-varying electric and magnetic fields of the wave incident on the metamaterial surface, the current flow direction continuously switches between clockwise and counterclockwise rotations. The rotated current flow indicates that the two resonances at 0.74 THz are both excited by the timevarying magnetic field passing through the metamaterial surface. Therefore, the two resonances are the same resonant mode and named as mode 1 is suppressed when the "closed" SRR is opened with a large gap between adjacent free-hanging slabs. As a result, mode 1 vanishes in the OPEN-state in both incident directions (U ¼ 0 and 90 ). Meanwhile, the current becomes weak on the metamaterial element. Only small current is induced by the electric field on SRR along x-direction when U is 0 (Fig. 3(d) ) and on free-hanging slabs along y-direction when U is 90 ( Fig. 3(e) ). The current flow at 1.16 THz when U is 0 in the CLOSE-state shows a different profile with that at mode 1( Fig. 3(c) ). The current does not flow in a closed loop and thus not rely on the magnetic field driving. The average current intensity is much higher on the right half of SRR than that on the left half. Strong current is also observed on the free-hanging slabs which are perpendicular with the electric field direction of incident wave when U is 0 . This is induced by the asymmetric interference between SRR and freehanging slabs. 23 The phase of the electric field of incident wave is different in the y-direction along the metamaterial surface under oblique incidence. Therefore, the slabs couple with left halve and right halve of SRR asymmetrically, which leads to high current flow on the slabs. The resulted resonance is named as mode 2. At the OPEN-state, the freehanging slabs couple with the right side of a SRR and the left side of the adjacent SRR. The distance between the two SRR halves is sufficiently small and the asymmetric interference becomes weak, which leads to the switch-off of mode 2. As a result, modes 1 and 2 are switched simultaneously and a dual mode switching in TE polarization is realized when U is 0 . In addition, the reflection spectra of the metamaterial in TM polarization are investigated as shown in Figs. 4(a) and 4(b), when U is 0 and 90 , respectively. No resonances are induced in TM polarization except the FP effect either under normal incidence or oblique incidence. This is because magnetic field of the EM wave is parallel with the metamaterial surface, and no magnetic field induced resonance can be induced.
The structure array of the switchable dual mode metamaterial is fabricated in a silicon-on-insulator wafer using the deep reactive ion etching processes. Fig. 5(a) shows the scanning electron microscopic (SEM) image of the switchable metamaterial. The sample consists of a 200 Â 200 element array which has an in-plane translational period of 60 lm. Figure 5(b) shows the close-up view of the metamaterial element structure, which is formed by patterning a 0.5-lm thick evaporated aluminum layer on the top of the silicon structures. The free-hanging slabs with a length of 50 lm are patterned on the 3-lm wide frame. The SRR is a 40 lm Â 50 lm rectangular ring and patterned on the isolated anchors. Since each anchor encloses a larger area of the underlying oxide layer than the frame, the oxide under the anchor still remains when it is all removed under the frame. As a result, the supporting frame is fully released and becomes freely movable while the anchor remains fixed on the substrate. The supporting frame is connected to the micromachined comb drive actuator, which provides bidirectional in-plane translation (along the y-direction) up to 30 lm driven by the electrostatic force.
The reflection spectra of the switchable metamaterial under TE polarized incidence are measured using Fourier transform infrared spectroscopy (Bruker Vertex 80v) to characterize the switching of the dual resonance mode through the element reconfiguration. The measured reflection spectra are shown in Figs (solid line) and vanishes as the metamaterial is switched to the OPEN-state (dashed line). The reflection relative ratio DR r is 59% and 34% at the two frequencies, indicating that a dual mode resonance switching is realized through the metamaterial element reconfiguration. The resonance at 0.76 THz is observed in the metamaterial CLOSE-state when U ¼ 90 ( Fig. 6(b) ). The DR r reaches 67% at 0.76 THz while keeps below 30% at other frequencies from 0.73 THz to 1.23 THz. Another peak of DR r observed at 1.05 THz is due to the small shift of the FP resonance instead of the resonance from the metamaterial element change. Therefore, only mode 1 is switched through the metamaterial element reconfiguration when U is 90 . In conclusion, a switchable metamaterial is designed and a dual mode and single mode resonance switching is experimentally demonstrated through metamaterial element reconfiguration. The magnetic field induced resonance and the asymmetric interference induced resonance are suppressed through the micromachined moving of the free-hanging slabs. The active control of the dual mode metamaterial is demonstrated at 0.76 THz and 1.16 THz. The resonance switching function enables wide applications of the metamaterial in optical switches, tunable filters, and THz detectors. 
